The present paper examines the susceptibility to chlordecone (Kepone, CD) and carbon tetrachloride across different ages (35, 45, and 63-days-old) in male and female Sprague-Dawley rats using different lengths of time on a CD diet (10 ppm). The principal findings are that the hepatotoxicity and mortality associated with CD-CCl 4 interaction is highly age-dependent for both sexes. There was marked hepatotoxicity occurring in both sexes as they reached 45 days-of-age and females were considerably more susceptible than males to both CD-CCl 4 -induced hepatotoxicity and lethality. While 63-day-old females are more susceptible to the CD-CCl 4 interaction than their male counterparts, the magnitude of the sex difference is diminished from that observed in 45-dayold rats. These findings challenge the hypothesis of Mehendale (1990, Med. Hypotheses 33, 289 -299) that chlordecone (CD) pretreatment eliminates the well-established sex difference in CCl 4 -treated rats. In contrast to the CD-CCl 4 findings, the sex difference in CCl 4 -induced hepatotoxicity was not age-dependent and was consistent over the three ages studied. The findings that CD-CCl 4 interaction is highly age-dependent (within the 3 ages tested) but that CCl 4 -induced hepatotoxicity is not, suggest that the CD-CCl 4 interaction acts via a mechanism that does not primarily involve CCl 4 potentiation.
Female Sprague-Dawley rats are markedly more susceptible to carbon tetrachloride (CCl 4 )-induced hepatotoxicity (Calabrese et al., 1996) and mortality (Mehendale, 1990) than males by about 3-fold. However, this gender difference in mortality is eliminated if the rats are fed a chlordecone (Kepone, CD) diet (10 ppm) for 15 days, which reduces the LD50 of CCl 4 in both sexes to 0.04 ml/kg (Agarwal and Mehendale, 1983; Klingensmith and Mehendale, 1982) . This 67-fold reduction in the LD50 of the male (Klingensmith and Mehendale, 1982) and 26-fold reduction in the LD50 of the female (Agarwal and Mehendale, 1983) suggested that the male is more profoundly affected by this toxic interaction than the female and led to a substantial emphasis on the male model in subsequent research. Further studies performed by Cai and Mehendale (1993) determined that there was a large age-susceptibility difference in males, with sensitivity to the CD-CCl 4 interaction increasing with age.
While developing a short-term CD-exposure protocol to assess CD-CCl 4 interaction, we observed unexpectedly that females displayed distinctly greater hepatotoxicity (as measured by alanine aminotransferase, ALT, and/or aspartate aminotransferase, AST) and possibly greater mortality than males. The present paper expands and re-evaluates the hypothesis that CD pretreatment eliminates gender differences in susceptibility to CCl 4 by comparing male and female Sprague-Dawley rats of different ages (35, 45, or 63 days, the same age groups used by Cai and Mehendale, 1993) . We also shortened the times rats spent on the diet, and used hepatotoxicity (as measured by ALT and/or AST), histological evaluation, and mortality as indicators.
MATERIALS AND METHODS
General. The research protocols were reviewed and approved by the Institutional Animal Care and Use Committee at the University of Massachusetts, Amherst. Male and female Sprague-Dawley rats weighing 150 -175 g were ordered for studies where age was not observed. In age-dependent experiments, rats were ordered in a time frame where they would be 35, 45, or 63 days-of-age when carbon tetrachloride was administered (both types from Charles River Breeding Labs, Wilmington, MA). These ages were chosen to correspond with those used by Cai and Mehendale (1993) . Animals were maintained on a 12-hour light/dark schedule and were fed standard laboratory rat chow (unless otherwise specified) and water ad libitum. The 10-ppm chlordecone (CD) diet was prepared according to the method of Curtis et al. (1979) . Briefly, 50 mg of CD was diluted in 500 ml of acetone, added to 5 kg of powdered food, mixed thoroughly, and the acetone was allowed to evaporate for a 24-h period, with occasional stirring. The diet was blended in an electric blender for approximately 1 min prior to being placed in plastic containers.
Tail bleeds were performed by placing the rat in a broom-style restrainer (Plas Labs, Baxter scientific products, Bedford, MA) 12-18 inches under a standard poultry heat-lamp (250 W) for 5 min to facilitate blood flow. The tail was then transected with a razor blade and blood was collected by milking the tail into a 1.5-ml microcentrifuge tube. Blood was also collected in some studies via decapitation with the animal under slight CO 2 .
Histology was scored following a method described by Ramaiah et al. (1998) . The slides were scored as follows using a field magnification of 100ϫ: 0, no necrosis; ϩ1, minimal necrosis; occasional necrotic cell in any field; ϩ2, less than 1/3 of the field is affected; ϩ3, moderate damage with 1/3 to 2/3 of the field affected; ϩ4, severe damage with more than 2/3 of the field affected; ϩ5, more severe, with most of the field affected. In most cases, 25 fields per slide were counted; in some cases only 10 -25 fields were available per slide. Counts were averaged for each individual, then averaged over the group.
Chemicals. Carbon tetrachloride was purchased from Aldrich Chemical Co. Milwaukee, WI. Chlordecone (99% pure) was purchased from Chem Service, West Chester, PA. Serum and hepatic enzymes were measured using kits #58 (AST) and 59 (ALT) purchased from Sigma Chemical Co. St. Louis, MO.
Experimental Design

CD-CCl 4 experiments.
Male and female Sprague-Dawley rats were fed a 10-ppm chlordecone (CD) diet for 3 or 7 days and treated with 0.1 ml/kg CCl 4 (in corn oil, for a total volume of 1 ml delivered ip) on days 4 or 8, when the animals were removed from the CD diet. Blood samples for serum enzyme analysis were obtained via the tail or via decapitation at various times after CCl 4 administration (tables indicate which was performed). Some animals were observed for survival with no blood taken from them. Sections of the median lobe of the liver were processed for histological examination. The livers were fixed in 10% buffered formalin for 8 -12 h, then embedded in paraffin. Serial sections of 4 -5 m were prepared for routine H and E histology.
CCl 4 experiment. Male and female Sprague-Dawley rats were treated with 0.8 ml/kg CCl 4 (ip, prepared in sterile corn oil for 1 ml total volume) at 35, 45, or 63 days-of-age. Blood samples for serum enzyme analysis were obtained via the tail at 12, 24, and 36 h after CCl 4 administration. Animals were sacrificed at 48 h. Blood was collected at sacrifice for ALT analysis and sections of the median lobe of the liver were processed for histological examination. The livers were fixed in 10% buffered formalin for 8 -12 h, then embedded in paraffin. Serial sections of 4 -5 m were prepared for routine H and E histology.
Hepatic baseline experiment. Male and female Sprague-Dawley rats 35, 45, and 63 days of age were sacrificed after acclimating for a week. The entire liver was removed and minced. Half a gram was homogenized with 9.5 ml of 0.85% saline. The homogenate was centrifuged to remove all particulate matter, and the remaining supernatant was run for ALT and AST using Sigma kits.
Statistical analysis. ANOVA and Student's t-tests were performed on untransformed data to examine the differences between the groups (tables note which were used). One-tailed Fisher's Exact test was used to examine the mortality data. Medians were used for comparisons mentioned in the text, for ease and another estimate of central tendencies. Note. Results for each time period were obtained from the same animals via tail bleeds. Rats were fed a 3-day diet of 10 ppm chlordecone (CD) prior to an IP administration of 0.1 ml/kg carbon tetrachloride (CCl 4 in sterile corn oil, 1 ml total volume) using AST and ALT in U/L as indicators.
* Statistically different from males using Student's t-test; p Յ 0.01. 1 Mean Ϯ SE/median. 2 Fold differences were determined by dividing the median female results by the median male results (i.e., 3794/1145 ϭ 3.3).
TABLE 2 Progression of Hepatotoxicity as Measured by ALT Activity (U/L) in Adult Male and Female Sprague-Dawley Rats Induced by CD-CCl 4
Males n ϭ 3 each time point
Females n ϭ 3 each time point Males n ϭ 3 per time point Females n ϭ 3 per time point
Note. See Table 1 
RESULTS
Sex Differences in Hepatotoxicity with CD (3-day diet)-CCl 4
A comparison of male and female rats approximately 50 days of age revealed that females had 3-to 6-fold greater ALT and AST values than males, over 24-, 36-, and 48-h time periods (Table 1) . AST activity increased up through 48 h in males and females, but the ALT activity remained level in males from 24 to 48 h while the levels in females peaked at 36 h, then began to drop by 48 h. Table 2 demonstrates that the increase in ALT activity in the females was evident by 3 h post CCl 4 , while it did not become very evident in the males until 6 h (Table 2) . Although the ALT activity rose earlier in the females and was of greater magnitude, both sexes had progressively greater hepatotoxicity maintained through 48 h (Tables  1 and 2) .
Histological evaluations demonstrated the progressive increases in the males and females, along with a non-significant trend toward greater observed damage in the males (Table 3) . The damage consisted of lipid laden, swollen, and balloon cells.
Sex-Age Evaluation of Hepatotoxicity, CD (3 day diet)-CCl 4
Sex differences: Thirty-five-day-old males were more susceptible to the CD-CCl 4 interaction than were 35-day-old females, but the damage in males occurred later, peaking at 48 h (Table 4 , Fig. 1 ). Forty-five and 63-day-old females exhibited early hepatotoxicity, with substantial damage observable at 12 h and peaking at 36 h (Table 4, Figs. 2-4), and with 6 -7-fold higher median ALT activity than 45-and 63-day-old males, respectively. Hepatotoxicity in 45-and 63-day-old males was slower to progress with damage peaking at 48 h (Table 4 , Figs. 2-4) . By 48 h, the male and female 45-and 63-day-old Sprague-Dawley rats had similar levels of serum ALT (Table 4) . At 72 h, females appeared to be returning to baseline values of serum ALT while the levels in males had only slightly declined.
Age difference. The 45-and 63-day-old females were much more susceptible (i.e., 15-20-fold increases in mean and median ALT at 24 -48 h, p Յ 0.05) than 35-day-old females (Table 4, Fig. 5 ), but there was little difference (p Ͼ 0.05) between the 45-and 63-day-old females, with 45-day-old females being slightly more susceptible to the CD-CCl 4 interaction. The males displayed a more linear increase in serum enzyme values across the ages (Table 4 , Fig. 4 ) with 2-3-fold increases in mean and median ALT for each age. This leveling off of toxicity in the females and steady increase in the males with respect to age caused a reduction in the difference between the sexes (i.e., 2-fold difference in 63-day-old rats versus 5-fold differences in 45-day-old rats).
Sex-Age Evaluation of Hepatotoxicity and Lethality, CD (7-day diet)-CCl 4
Although the only statistically significant sex difference in hepatotoxicity occurred at 12 h in the 45-day-old rats, the males in all cases displayed less hepatotoxicity than females (Tables 5 and 6 ). Despite the rather modest differences in hepatotoxicity (ALT/AST activity) between the ages and between the sexes (Tables 5 and 6 ), the mortality data demonstrate a more striking difference (Table 7) . Females, regardless of age, died earlier and at a greater rate than males (Table 7) . Statistically there were no age differences in mortality within gender groups (Table 7) .
Histology did not support the same trends in hepatotoxicity as had been observed in ALT levels and mortality incidence. The damage was similar regardless of sex and age (Table 8) . Forty-five-day-old rats had no detectable differences in histological score (Table 8) , although there was a 2-fold difference in ALT (Tables 5 and 6 ). Likewise, the histological evidence was inconsistent with the increase in ALT values for males as they aged from 45 to 63 days. However, the histological scoring was consistent with the increase in ALT values for females as they aged from 45 to 63 days (Tables 5 and 8 ).
Sex and Age Differences in Sprague-Dawley rats treated with 0.8 ml/kg CCl 4
Female Sprague-Dawley rats were more susceptible to CCl 4 than males regardless of age, as measured by ALT and AST (Tables 9 and 10 ). ALT activity in females peaked 36 h after CCl 4 treatment, then sharply declined (Table 9 ). Male SpragueDawley rats also had a peak in their ALT activity 36 h after CCl 4 treatment (the female peak was 3-5 times larger than the male, depending on the age of the rat), which was sustained
FIG. 2.
Hepatotoxicity as measured by median alanine aminotransferase (ALT) in 45-day-old male and female Sprague-Dawley rats maintained on a 10-ppm chlordecone (CD) diet daily for 3 days prior to a low dose (0.1 ml/kg bw) of carbon tetrachloride (CCl 4 ).
FIG. 3.
Hepatotoxicity as measured by median alanine aminotransferase (ALT) in 63-day-old male and female Sprague-Dawley rats maintained on a 10-ppm chlordecone (CD) diet for 3 days prior to a low dose (0.1 ml/kg bw, ip) of carbon tetrachloride (CCl 4 ). through 48 h (Table 9) . Therefore, no difference in hepatotoxicity was observed between the sexes at 48 h.
Age was not an important factor in CCl 4 hepatotoxicity, since none of the 3 age groups, within the sexes, had statistically significant differences in ALT and AST levels (Tables 9  and 10 ). Histologically, it appears that the younger rats have a greater susceptibility to CCl 4 , than the older rats, regardless of sex (Table 11 ). The sex difference is supported histologically, with females having slightly more lesions than males (Table  11) .
Baseline Hepatic Levels of ALT and AST
Age comparisons of hepatic ALT and AST activity were conducted. In general, the baseline activities were similar across all sex and age groups (Table 12 ). The only exception was ALT activity for 35-day-old males, which was modest, but statistically, was significantly lower than any other age or sex (Table 9 ).
DISCUSSION
The principal findings indicate that the hepatotoxicity and lethality associated with CD-CCl 4 interaction are both age-and sex-dependent. Females become markedly more susceptible to the interaction at the beginning of reproductive maturation, and this susceptibility remains fairly constant thereafter. The males have a more modest, but progressive increase in CD-CCl 4 toxicity as they mature. This causes a narrowing in the sex differences in older (i.e., 63-day-old) animals. Histological evaluations were generally consistent with the age-dependent changes in CD-CCl 4 hepatotoxicity, which increased by 15- Note. n, 4 rats for all groups; results were obtained from the same animals for each time point via tail bleeds at 12 h and decapitation at 24 h. * p Յ 0.05; statistically different from females of same age using Student's t-test.
1 Mean Ϯ SE/median. 20-fold, based on serum enzymes, from 35 to 45-63-day-old rats. However, the histological scoring was not sufficiently sensitive to reliably detect a difference of a more limited nature (i.e., gender differences). This could be due to the timing of the histological evaluation with repair occurring at different rates, or could be due to the fact that there is only a few-fold difference in ALT levels that cannot be detected histologically. Mehendale (1990) reported an elimination of the sex difference typically observed with CCl 4 -induced lethality, with SpragueDawley males displaying a 67-fold reduction in the LD50 of CCl 4 (Klingensmith and Mehendale, 1982) as compared to the 26-fold decrease observed in the female by Agarwal and Mehendale (1983) , causing a similar (0.04 ml/kg) LD50 estimate. This led to the conclusion that males are more susceptible than females to the CD-CCl 4 interaction. The present data, however, demonstrate that a more complex effect is occurring. Mature female SpragueDawley rats displayed a strikingly greater susceptibility than males to the effects of CD-CCl 4 (Fig. 2) . At both 24 and 36 h after CD-CCl 4 treatment, there is a 7-fold difference in ALT activity between the sexes, an effect associated with significantly enhanced mortality in the females (Table 7) . Mehendale and colleagues (Agarwal and Mehendale, 1983; Klingensmith and Mehendale, 1982 ) also demonstrated greater hepatotoxicity in females, but they determined that the mortality was equivalent between the sexes. However, the present findings suggest that the reduction (although not an elimination) of the gender difference is restricted to older rats (i.e., 63 days) because of a progressive increase in susceptibility in males relative to females, as they mature from 45 to 63 days.
The intermediate length of 7 days on the 10-ppm diet (as compared to 3 or 15 days) was used, since it may allow mortality to be observed as an endpoint, but was short enough to allow for differences between the sexes to be observed. A higher proportion of females died than males and they died 24 h earlier than the males. The enhanced mortality in the females relative to the males on the 7-day CD diet was also suggested in the 3-day CD diet (Table 4) , thus supporting the observation. Both the females and the males displayed a difference in susceptibility to mortality between 45 and 63 days of age. This age-related susceptibility for males reported in the present paper is similar to the age-related susceptibility reported by Cai and Mehendale (1993) .
Carbon tetrachloride (CCl 4 ) alone (0.8 ml/kg) demonstrated a sex difference (Tables 9 and 10 ), but not an age-related difference, in susceptibility to hepatotoxicity (Tables 9 and 10 ). These sex differences are consistent in CCl 4-treated rats regardless of age, but differ due to age in CD-CCl 4 -treated rats. Male Sprague-Dawley rats 35-days-old are slightly more susceptible to the CD-CCl 4 interaction than females of the same age while 35-day-old females are much more susceptible to CCl 4 treatment. The fact that the sex differences change in relation to age in CD-CCl 4 treated rats, but do not change with age in CCl 4 -treated rats, suggests that the CD-CCl 4 interaction is not simply working by enhancing the CCl 4 hepatotoxicity, but rather via a different mechanism. In fact, even though profound age changes in susceptibility to CD-CCl 4 occur, this cannot be explained on the basis of CCl 4 metabolism or CCl 4 metabolite binding to target tissue (Cai and Mehendale, 1993) . Cagen and Klaassen (1979) determined that the levels of ALT vary in the liver with respect to age. They examined rats younger and older than the ones used in these experiments. Therefore, age differences in hepatic ALT and AST were examined. The differences observed between the sexes and ages in animals treated with either CD-CCl 4 or CCl 4 alone could not be explained by differences in hepatic levels of ALT and AST, since the differences were minimal (Table 12 ).
The observation that susceptibility to CD-CCl 4 occurs at the onset of sexual maturity in such a drastic fashion in female rats, but with a less striking yet progressive increase in males represents an important observation with potentially significant toxicological and public health implications. Similar instances of striking enhancements in susceptibility with sexual maturity in female rats have been reported for aspirin-related renal lesions (Owen and Heywood, 1983) and DMBA-induced mammary tumors (Janss and Ben, 1978) , while similar examples of the progressive increase in male susceptibility have not been reported, to our knowledge. The magnitude of the enhanced response at the onset of sexual maturation demonstrates that the broader issue of assessing changes in susceptibility to various toxins at sexual maturity should be addressed. 
